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Introduction
An excessive increase in blood pressure (BP) during exercise, even in otherwise healthy adults, predicts future cardiovascular disease (Berger et al. 2015) . There are emerging data indicating aberrant neural cardiovascular control in young adults with a family history of hypertension (+FH; Greaney et al. 2015b; Fonkoue et al. 2016) . We previously reported exaggerated pressor and sympathetic responses during the last minute of submaximal static handgrip in young women +FH (Greaney et al. 2015b) , a finding consistent with results in older adults with essential hypertension (Delaney et al. 2010) . However, recent data demonstrate augmented cardiovascular responses within the first 30 s of isometric exercise in adults with hypertension (Greaney et al. 2015a) , peripheral arterial disease (Muller et al. 2012) and heart failure (Middlekauff et al. 2004) , suggesting that impairments in BP regulation at the onset of exercise might be characteristic of multiple cardiovascular pathologies.
Sustained submaximal isometric exercise elicits robust increases in BP (Mark et al. 1985) , which are noted within the first 60 s. However, in healthy young adults, BP does not typically increase at the immediate onset (i.e. within the first 20 s) of moderate-intensity isometric handgrip because muscle sympathetic nerve activity (MSNA) is not yet activated and systemic vascular resistance is reduced (Lind et al. 1964; Lalande et al. 2014) . Importantly, most activities of daily living do not require sustained intense muscular work, but are instead short in duration and submaximal in intensity. Thus, the BP response to the immediate onset of exercise (i.e. within the first 20 s of submaximal isometric exercise) may be especially critical, and may be additionally informative for predicting future cardiovascular risk (Greaney & Farquhar, 2012) . Such immediate pressor responses to daily activities may result in serial episodic surges in BP (increased BP variability) and result in greater cardiac and vascular damage (Parati et al. 1987; Mancia et al. 2001) and increased incidence of cardiovascular events (Mancia et al. 2007) .
Young adults with a family history of hypertension are at an increased risk for developing future hypertension, and are therefore at risk for future cardiovascular disease (Hunt et al. 1986) . Although previous studies have documented abnormal increases in BP at the onset of exercise in patients with established cardiovascular disease, to our knowledge no studies have examined potential alterations in the time course of cardiovascular responses to isometric exercise in young, otherwise healthy women with increased cardiovascular risk. With this background in mind, it is reasonable to postulate that young healthy normotensive women +FH might also exhibit altered cardiovascular responses at the onset of exercise. Therefore, the purpose of this study was to examine retrospectively the cardiovascular responses at the immediate onset of submaximal isometric exercise (within the first 10 s) in young women with and without a family history of hypertension (−FH). We hypothesized that +FH young women would exhibit greater increases in BP and MSNA at exercise onset compared with young women −FH.
Methods
Ethical approval. The protocols used in this study conform to the Declaration of Helsinki (except for registration in a database) and were approved by the University of Delaware Institutional Review Board (approvoal #224730-16). All women signed written informed consents before participation.
To test our new hypothesis regarding the immediate onset of exercise, data were analysed from 32 women who have participated in both previous (Greaney et al. 2015b) and ongoing studies in our laboratory. All women completed a screening visit and experimental visit. Resting BP and a 12-lead resting ECG were measured during the screening visit. Women were classified as +FH through self-report by identifying whether either their mother and/or father have high blood pressure; this was done using a standard clinical medical history form provided by the University of Delaware Nurse Managed Health Center. Recent studies classifying participants using self-report have demonstrated clear, robust differences in a variety of sympathetic stimuli (Greaney et al. 2015b; Fonkoue et al. 2016) . All women were normotensive and free of co-morbidities (cardiovascular disease, diabetes, kidney disease, pulmonary disease, etc.). Women were excluded if they were obese (body mass index >30 kg m −2 ) or used nicotine-containing products or medications with cardiovascular effects. Twelve +FH and 10 −FH women reported engaging in aerobic exercise at least 3 days per week. Women were tested during the early follicular phase of the menstrual cycle or during placebo days of hormonal contraception (+FH n = 8, −FH n = 10). Women were familiarized with the experimental protocol during the screening visit.
Experimental measurements. Heart rate (HR) was monitored via ECG (Dinamap Dash 2000; GE Medical Systems, Milwaukee, WI, USA). Beat-by-beat BP was measured using a servo-controlled finger photoplethysmograph (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands) on the non-dominant hand. Cardiac output and total peripheral resistance were derived using Modelflow (Finometer). Brachial BP (Dinamap Dash 2000; GE Medical Systems) was used to verify absolute Finometer-derived arterial BP. Respiration was monitored using a strain-gauge pneumograph (Pneumotrace; UFI, Morro Bay, CA, USA).
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Muscle sympathetic nerve activity was recorded from the peroneal nerve using standard microneurographic methods, as previously described (Vallbo et al. 1979; Greaney et al. 2015b) . Briefly, a unipolar tungsten microelectrode was inserted through the skin and positioned into the peroneal nerve. A reference microelectrode was inserted ß3 cm away. Signals were amplified (70,000-fold), bandpass filtered (700-2000 Hz), rectified and integrated (0.1 s time constant) to obtain a mean voltage neurogram (Nerve Traffic Analyzer, model 662c-3; University of Iowa Bioengineering, Iowa City, IA, USA). The signal was confirmed as MSNA by the presence of spontaneously occurring bursts with pulse synchronicity, responsiveness to an end-expiratory breath hold or Valsalva manoeuvre, and lack of responsiveness to arousal stimuli or skin stroking. Heart rate, BP and MSNA were continuously recorded throughout the experimental period.
Experimental protocol. All women refrained from food intake for at least 4 h and from alcohol, caffeine and strenuous physical activity for at least 24 h before the experimental visit. Women were tested in the supine position in a temperature-controlled laboratory (20-22°C). The maximal voluntary contraction of the dominant hand was determined by having participants squeeze a commercially available handgrip device (ADInstruments, Bella Vista, NSW, Australia) at maximal effort; three to five trials were performed, and the highest value was used as their maximum. Women rested quietly for 10 min after instrumentation and obtaining MSNA recordings. Following this overall baseline, an additional 5 min baseline was measured before the isometric exercise trial. Women were instructed to squeeze the handgrip device at 30% maximal voluntary contraction for 2 min; visual feedback was provided. After completion of the isometric exercise trial, a minimum of 10 min of rest was given to ensure that cardiovascular variables returned to resting levels. A second baseline period was recorded, and then the women placed their dominant hand in ice water for 2 min (cold pressor test, CPT). The CPT was used as a non-exercise, sympatho-excitatory stimulus (Victor et al. 1987) to determine whether rapid cardiovascular responses were exercise specific.
Data analysis. Data were recorded at 1000 Hz (Powerlab and Chart; ADInstruments, Bella Vista, NSW, Australia). We analysed cardiovascular and sympathetic responses during the first 30 s of exercise onset. In anaesthetized cats, electrically evoked muscle contraction resulted in an increase in BP within 6.4 s (range, 2-16 s) and an increase in HR within 8.3 s after ventral root stimulation (Kaufman et al. 1983) . Given these findings, and based upon recent studies in humans (Middlekauff et al. 2004; Muller et al. 2012; Greaney et al. 2015a) , we elected to analyse our haemodynamic data further in 10 s increments at the beginning of isometric handgrip and the CPT. However, because the reliability and validity of MSNA analysis are reduced with time intervals <30 s (Notay et al. 2016 ), we did not analyse MSNA in shorter (10 s) time segments. A custom LabVIEW program with set criteria (Fairfax et al. 2013 ) was used to detect MSNA bursts from the mean voltage neurogram. In brief, the custom program generated synchronized beat-by-beat data for BP and MSNA accounting for the latency from the R wave of the ECG. Analysable recordings with no discernable shift in electrode placement were obtained in eight +FH and 10 −FH women during handgrip exercise and in seven +FH and eight -FH women during the CPT. The MSNA was quantified as burst frequency (in bursts per minute), burst incidence (in bursts per 100 heart beats) and total activity [in arbitrary units (a.u.) per minute]. Both burst frequency and burst incidence are reproducible within a participant over time (Kienbaum et al. 2001 ).
Statistical analysis. Participant characteristics were compared using Student's unpaired t tests. Cardiovascular responses (i.e. change from the preceding baseline) for BP and HR were initially assessed with Student's unpaired t tests between +FH and −FH women for the average of the first 30 s of both isometric exercise and CPT. In order to determine the time course of these responses, a two-way mixed-model ANOVA with repeated measures (SPSS version 24; SPSS Inc., Chicago, IL, USA) was used to evaluate haemodynamic data in 10 s intervals (for exercise and CPT), and Fisher's LSD post hoc tests were used when appropriate. Absolute MSNA in the first 30 s of exercise and CPT were compared using Student's unpaired t tests. Results are reported as means ± SD, and the α level was set at P < 0.05.
Results
Women were well matched for age (−FH 22 ± 3 years old versus +FH 22 ± 2 years old), body mass index (−FH 22 ± 3 kg m −2 versus +FH 22 ± 3 kg m −2 ), resting mean arterial BP (MAP; −FH 84 ± 13 mmHg versus +FH: 80 ± 11 mmHg) and HR (−FH 66 ± 6 beats min −1 versus +FH: 61 ± 9 beats min −1 ; all P > 0.05). Resting MSNA burst frequency (−FH 9 ± 5 bursts min −1 versus +FH 7 ± 3 bursts min −1 ), burst incidence [−FH 12 ± 8 bursts (100 heart beats) −1 versus +FH 12 ± 4 bursts (100 heart beats)
−1 ] and total MSNA (−FH 506 ± 267 a.u. min
versus +FH 398 ± 139 a.u. min −1 ) were not different between groups (all P > 0.05).
Haemodynamic responses to exercise are presented in Table 1 . The BP and HR increased during handgrip in both groups (Table 1) ; however, +FH women exhibited Rapid exercise pressor responses in women a greater pressor and HR response to the initial 30 s of isometric exercise (Fig. 1) . When further examining the time course of responsiveness, greater increases in MAP and diastolic blood pressure were observed within the first 10 s of handgrip in women with a +FH (Fig. 2) . Women with a +FH also demonstrated a greater increase in HR at the immediate onset of exercise (Fig. 2B ). There were no group differences in the increase in cardiac output or the decrease in TPR during the first 30 s of exercise (Table 1) . Absolute MSNA burst frequency (−FH 7 ± 5 bursts min −1 versus +FH 9 ± 3 bursts min −1 ), burst incidence [−FH 8 ± 6 bursts (100 heart beats) −1 versus +FH 13 ± 4 bursts (100 heart beats)
−1 ] and total activity (−FH 500 ± 510 a.u. min −1 versus +FH 474 ± 256 a.u. min −1 ) were not different between groups during the first 30 s of handgrip exercise (all P > 0.05). Maximal voluntary contraction (−FH 229 ± 98 N versus +FH 252 ± 71 N, P = 0.46), along with absolute and relative force production during handgrip exercise, were not different between groups (ANOVA, P > 0.40 for all).
There were no group differences in resting haemodynamics before the CPT (Table 2) . Moreover, the haemodynamic responses to the first 30 s of the CPT were not different in women with a +FH (Table 2) . Absolute MSNA burst frequency (−FH 16 ± 10 versus +FH 14 ± 4 bursts min −1 ), burst incidence [−FH 20 ± 14 bursts (100 heart beats) −1 versus +FH 20 ± 9 bursts (100 heart beats)
−1 ] and total activity (−FH 494 ± 361 a.u. min
versus +FH 477 ± 204 a.u. min −1 ) during the CPT were not different between groups.
Discussion
The main new finding of the present study is that the BP responses to isometric handgrip are significantly different in young healthy normotensive women with a +FH compared with those with a −FH, and these differences are evident within the first 10 s of exercise. These findings are important because BP does not typically increase at the onset (i.e. within the first 20-30 s) of submaximal isometric exercise (Lalande et al. 2014) . This rapid and robust BP response to the onset of exercise onset is consistent with findings in older hypertensive adults (Greaney et al. 2015a ) and patients with established cardiovascular disease (Middlekauff et al. 2004; Muller et al. 2012) . Importantly, we are the first to extend these findings of altered cardiovascular control at exercise onset to young, otherwise healthy adults at risk for future disease because of a familial predisposition. Taken together with previous studies (Middlekauff et al. 2004; Muller et al. 2012; Greaney et al. 2015a) , this rapid onset pressor response to isometric exercise might be an early clinical characteristic of future hypertension and cardiovascular disease (Greaney & Farquhar, 2012) .
Cardiovascular responses to exercise are regulated through a precise interplay between feedforward (central command) and feedback (exercise pressor reflex; baroreflex) neural mechanisms. The exercise pressor reflex consists of both mechanoreceptors (largely composed of group III afferent fibres) and metaboreceptors (primarily group IV afferent fibres) and contributes to the increases in BP during exercise via activation of the sympathetic nervous system (Coote et al. 1971; Goodwin et al. 1972; Kaufman et al. 1983) . However, increases in MSNA do not typically occur in healthy humans during submaximal static exercise until ß1 min, and can largely be attributed to stimulation of the metaboreflex (Mark et al. 1985) . Given the unique analytical approach used in the present study (i.e. within 10 s of exercise onset), and owing to the time course of the responses we observed, it is unlikely that the metaboreflex is the primary mechanism contributing to the altered BP response at exercise onset in +FH women.
Mechanoreceptors are activated by contracting skeletal muscle at the onset of exercise, as previously demonstrated by Kaufman et al. (1983) in anaesthetized cats. In response to static muscle contraction evoked by electrical stimulation, the authors reported a 'sudden explosive burst of impulses' from group III fibres (Kaufman et al. 1983 ). This activity occurred in <1 s, and had returned to baseline values within 20 s of the contraction (Kaufman et al. 1983) . Notably, there was a corresponding increase in BP that occurred between 2 and 16 s after contraction (Kaufman et al. 1983) . We observed a similar BP pattern at the onset of handgrip exercise in +FH women. This temporal pattern of responsiveness suggests potential alterations in mechanoreflex function in +FH women. Although muscle mechanoreflex dysfunction has been noted in cardiovascular diseases such as hypertension and heart failure (Middlekauff et al. 2004; Greaney & Farquhar, 2012; Greaney et al. 2015a) , the degree to which it is involved in adults at risk for developing cardiovascular disease remains unclear.
In addition to the augmented BP response at exercise onset, we also observed greater changes in HR within the first 10 s of muscle contraction in +FH women. Given that increases in HR at the onset of exercise occur, at least in part, as a result of activation of central command (Mark et al. 1985) , it is possible that +FH women have a greater central drive. Recent data demonstrate that central command plays a crucial role in the altered cardiovascular control during exercise in hypertensive animal models (Liang et al. 2016) . However, in experimental models using either passive muscle stretch or electrically induced muscle contraction to eliminate central command, an increase in HR still occurs (Gladwell & Coote, 2002) , suggesting that other mechanisms (most notably the muscle mechanoreflex) might be involved in the cardioaccelerator response to exercise. Thus, it is plausible that alterations in mechanoreflex function might explain the abnormal temporal pattern of both BP and HR responsiveness to the immediate onset of isometric exercise in +FH women; this warrants further investigation.
It is plausible that the greater cardio-acceleration that occurred at the beginning of exercise contributed to the greater change in BP in +FH women. In this manner, a larger change in BP might primarily be related to increases in cardiac output. In young adults, increases in HR and cardiac output (as opposed to total peripheral resistance) are primary contributing factors mediating BP changes at the beginning of exercise (Lalande et al. 2014) . However, this effect was reported at higher (ࣙ40% maximal voluntary contraction) exercise intensities (Lalande et al. 2014) . In our data, we report greater changes in HR and BP in +FH women at submaximal intensities within 10 s of isometric exercise, but not changes in cardiac output. It is unclear whether this might be linked to the variability associated with Modelflow-derived cardiac output or attributable to the lower intensity used in the present study, because changes in cardiac output appear to be intensity dependent (Lalande et al. 2014) .
Limitations. First, given that the baroreflex remains active during exercise to modulate BP further (Gallagher et al. 2006; Michelini et al. 2015) , it is possible that alterations in baroreflex function also contribute to the abnormal cardiovascular responses at exercise onset in +FH women. The limited studies examining baroreflex function in adults with a family history of hypertension are equivocal, with reports of both reduced (Parmer et al. 1992) and preserved (Boutcher et al. 2009 ) baroreflex sensitivity at rest in men with a family history of hypertension, and to our knowledge, no studies have examined baroreflex function during exercise in those with a +FH. Although the present study was not designed to discern the precise mechanisms mediating altered cardiovascular control during the early temporal phase of exercise in +FH women, these data provide an important foundation for future studies in this clinical population. Second, we recognize that self-reporting parental hypertensive history is a limitation. Although there is a possibility that some women might have misidentified their family history, we observed robust differences in BP at the onset of exercise between groups. Furthermore, recent Changes in blood pressure and heart rate in 10 s intervals at exercise onset in young women with (+FH) and without (−FH) a family history of hypertension In +FH women, exaggerated increases in mean arterial pressure (MAP; A), heart rate (B) and diastolic blood pressure (DBP; D) were observed as early as 10 s, whereas differences in systolic blood pressure (SBP; C) were observed as early as 20 s into the exercise bout. Data expressed as means ± SD. * P < 0.05 between groups. 67 ± 10 67 ± 9 6 7 ± 9 7 0 ± 10 Time P < 0.01 +FH 66 ± 13 68 ± 14 67 ± 15 70 ± 15 Interaction P = 0.69 HR (beats min −1 ) −FH 65 ± 6 6 9 ± 5 6 9 ± 5 6 9 ± 3 T i m e P < 0.01 +FH 64 ± 12 68 ± 13 71 ± 13 73 ± 14 Interaction P = 0.04 CO (l min −1 ) −FH 4.5 ± 0.9 4.9 ± 1.0 4.9 ± 1.1 4.9 ± 1.1 Time P < 0.01 +FH 5.1 ± 1.4 5.5 ± 1.5 5.6 ± 1.6 5.7 ± 1.8 Interaction P = 0.10 TPR (dyn s cm −5 )
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−FH 1770 ± 290 1677 ± 266 1659 ± 261 1740 ± 253 Time P = 0.10 +FH 1733 ± 605 1700 ± 578 1613 ± 528 1641 ± 532 Interaction P = 0.08
Abbrevations: DBP, diastolic blood pressure; CO, cardiac output; −FH, without family history of hypertension; +FH, positive family history of hypertension; HR, heart rate; MAP, mean arterial pressure; SBP, systolic blood pressure; and TPR, total peripheral resistance. Data are presented as means ± SD.
studies classifying participants using self-report have demonstrated clear, robust differences in a variety of sympathetic stimuli (Greaney et al. 2015b; Fonkoue et al. 2016) . Finally, we obtained analysable nerve recordings in ß50% of the participants; it is possible that this low yield coupled with analysing MSNA in a short time window introduced error. Short sampling durations (15 and 30 s) might be less reliable with small sample sizes, and can either underestimate or overestimate MSNA (Notay et al. 2016 ).
In conclusion, we show that +FH women display rapid increases in BP at the onset of isometric exercise. Our data are consistent with findings in older hypertensive adults and extend those findings, in that we observed similar pressor responses in young normotensive women at risk for future cardiovascular disease. Many activities of daily living require short-duration submaximal isometric muscle contractions, such as opening a jar or carrying groceries (Greaney & Farquhar, 2012) . Such muscular activities can cause exaggerated blood pressure responses in adults with cardiovascular disease (Greaney & Farquhar, 2012) . The long-term clinical implications of these regularly occurring episodic surges in blood pressure are not completely known. Given that cardiovascular disease is the leading cause of death in women, and the prevalence of hypertension is greater in women compared with men later in life (Lima et al. 2012) , it is important to understand factors that might increase the risk for, or predict, future hypertension and cardiovascular disease in women.
